
WHICH WAY RADIOISOTOPES?  
By Nicholas Sion 

Introduction 
 
‘twas a fateful day in Prague on 8 April 2009 at an Obama-Medvedev Summit when President Obama declared:   
“….secure all vulnerable nuclear material around the world within four years. We will set new standards, expand our 
cooperation with Russia, and pursue new partnerships to lock down these sensitive materials.” 
 
This was followed by a Nuclear Security Summit in Washington on 13 April 2009 that stated:  
“Participating States, as appropriate, will collaborate …. to research and develop new technologies that require 
neither highly enriched uranium fuels for reactor operation nor highly enriched uranium targets for producing medical 
or other isotopes, and will encourage the use of low enriched uranium and other proliferation-resistant technologies 
and fuels in various commercial applications such as isotope production.” 
 
Finally, at an Obama-Medvedev summit in Moscow, 6 July 2009, a Joint Statement declared:     
“…we declare an intent.. … to further increase the level of security of nuclear facilities around the world, including 
through minimization of the use of Highly-Enriched Uranium, HEU, (of >90% enrichment of the fissionable U-235) in 
civilian applications and through consolidation and conversion of nuclear materials.” 
 
The above was primarily part of the arms reduction and non-proliferation treaty between the USA and Russia, but 
also to restrict the exportation and/or use of HEU and to repatriate all the uranium that has been “loaned” out; i.e. to 
secure the “loose nukes” to minimize the risks of proliferation in the advent of terrorism. It is aimed at rogue countries 
from acquiring nuclear weapons. This treaty was ratified by the US Congress on 22 Dec.2010, and by the Russian 
Duma/Parliament on 25 Jan.11.  
 
Though noble in intent and content, the fallout, excuse the pun, had severe ramification on the production of radio-
isotopes in Canada and in other isotope producing countries, and is in part, the cause for halting the MAPLE reactors 
at Chalk River…… adding grief to the isotope shortage.   
 
The National Security Agency (NNSA, in USA) announced on 31 Dec.’10 via its Global Threat Reduction Initiative 
(GTRI) the removal of HEU from the Ukraine and obtained Ukraine’s commitment to eliminate all its HEU by 2012.  
Chile has already repatriated its HEU back to the US. They had enough for one nuclear weapon, whereas enough 
enriched uranium for some 800 nuclear weapons are being secured by Russia from the previous Soviet Republics.  
NNSA also announced the removal of 13 kg (28 lbs) of Russian-origin HEU spent fuel from the Vinca Institute of 
Nuclear Sciences in Serbia after an 8 year effort.  
 
A corollary from this treaty became the official Canadian policy of not supporting the commercial production of radio-
isotopes using enriched uranium. 
 
We the physicists, the engineers, and the technocrats who are the creators and inventors of new technologies should 
make it our duty to find alternate pathways to maintain the supply of radio-isotopes i.e. Mo-99 (decaying into Tc-99m) 
as well as several other types of isotopes used in nuclear medicine to maintain Canada’s leadership role in this arena. 
Medical isotopes help locate cancers with precision, therapeutically treat cancers, and provide physicians the diagnostic 
tools to save lives.  
 
Why Do We Need and Use Tc-99m?  
 
The main advantages of using Tc-99m therapeutically can be summed up:  
• It has particular characteristics in that it is readily absorbed by the body organs and easily attaches to biological 

compounds making it ideal as a tracer.  
• It emits gamma at 140.5 keV as a single energy that 

is not accompanied by beta emission. The gamma is 
easily detected by low level gamma cameras 
allowing greater precision in the alignment of the 
detectors for enhanced imaging in the absence of 
beta.    

Table 1 Physical and Biological Half Life of Technetium
 

Isotope  Half Life  τ½
 in Days 

 τ½
 physical  τ½

biological  τ½
effective 

99mTc 0.25 1 0.20 

• Its physical half life and its biological half life are very short and rapidly clear the body after an imaging procedure, 
Table 1. The patient then, does not linger with a residual radiation dose, and hence its dominant role in diagnostic 
imaging.  
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The Technetium isotope Tc-99m has a complex decay pathway. Its gamma emitting τ½
 is 6.03h, which is quite long for 

electromagnetic decay (typically 10-16s). Such a long half life in an excited state is labeled metastable and hence the 
designation Tc-99m.  
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Fig. 1 shows the decay pathway where the dominant emitted gamma 
ray is at 140.5 keV that is used in imaging. For medical purposes, the 
Tc-99m is administered in the form of Sodium Pertechnetate NaTcO4, 
where the pertechnetate anion [TcO4]-1 is the active ingredient.  
 
How Much Technetium-99m is Needed?  
 
About 40 million nuclear medicine procedures are performed world-wide 
annually, of which some 80% of them use Technetium-99m. But about 
70% of the worldwide supply of Mo-99 is produced by two ageing 
nuclear reactors: the Canadian NRU reactor at Chalk River, Ontario, 
which has been operating since 1957, and HFR Petten in the 
Netherlands, operational since 1961. The balance of world supply is made 
up from three other reactors viz. OSIRIS in France, BR-2 in Belgium and SAFARI-1 in South Africa, operating since 
the 1960’s. Soon to come on stream is OPAL in Australia. These are shown in Table 2.  

Fig.1 Decay Pathway of Technetium 

 
 

Table 2  World Suppliers of Isotopes 
Reactor Country Target 

Enrichment 
% of World Supply Distributor Remarks 

Operating till (  ) 
NRU Canada 92% 40 % MDS 

Nordion, 
Canada 

National Research Universal [NRU] reactor  (2016) 

Petten Nederland 92% 30 % Covidien, 
Holland 

High Flux Reactor [HFR] (2016 ?) 

BR2 Belgium 92% 10 % IRE, 
Belgium 

Belgian Reactor  #2   (2016 – 2020) 

Osiris France 92% 5 % IRE, 
Belgium 

(2015) then replaced by the Jules Horowitz reactor. 

Safari South Africa Was 50% First commercial shipment 
to USA Sept ‘10 

NTP, South 
Africa 

Has converted to using LEU targets. (2022), to be 
replaced by a Multipurpose reactor. 

OPAL Australia < 20%  3-5 % but currently for 
domestic demand  

Locally Open Pool Australian Lightwater reactor. Processing 
facility and licensing yet to be completed. 

 
World demand is currently running at some 12000  6-day Ci/week with the United States topping the list with a 
demand of 6000  6-day Ci/week and Canada at slightly above 500  6-day Ci/week.  A 6 day Curie is the amount of 
material that will yield one Curie after 6 days of radioactive decay. 
 
The Production of Tc-99m    
Tc-99m is the daughter decay product of Mo-99 (τ½ = 65.94h) that is currently produced in quantities by neutron 
irradiation of Highly Enriched Uranium (HEU) U-235 at >90% targets in a nuclear reactor for about a week. The 
resulting Mo-99 is a fission product created within the target that is then dissolved in acid to extract the Mo-99. This 
leaves radioactive waste products that can become a target for interception and a security issue. Since Canada is a 
signatory to the Non-Proliferation pacts, and therefore has no Uranium enrichment facility, the HEU targets required 
are imported from the USA. And here is the “rub”. The US is no longer supportive of this arrangement and has 
curtailed the exportation of the weapon grade Uranium under the new treaty promulgated in Prague 2009. The US 
National Regulatory Commission requires that targets enriched to less than 20% U-235 be used for Mo-99 
production. This affects the yield of Mo-99-Tc-99m process, and hence the cost.  
 
What are the options?  
With the political constraints on the isotopes dilemma, alternative pathways must be found to alleviate the shortage. 
There are the classical ways to produce Mo-99, enumerated in [Ref. 1] that are known to scholars in this field but are 
briefly described below, plus other options that do not use HEU.   
 
Neutron-Capture Process  [ 98Mo (η, γ) 99Mo ] 
The process involves irradiating a Mo-98 target in an intense 
neutron thermal flux of 3.0x1014 n/s1 /cm2 (this is similar to the 
thermal neutron flux within a CANDU reactor, but better yields 
are with a flux in the range of 1015 n/s1 /cm2). The Mo-98, 

γ 

Neutron Mo-98 Mo-99 

Fig. 2   Neutron Capture Process 



captures the neutron to transmute into Mo-99m in a (η,γ) reaction with the emission of gamma radiation, Fig. 2. The 
yield from this process depends mainly on the cross section area of the Mo-98 (0.13 barns or 0.13 x 10-24 cm2).  
 
In this process there is virtually no waste, but there are major disadvantages in that the Specific Activity of Mo-99 is 
low leading to problems in the separation of Mo-98 from Mo-99 plus a modification of generator technique of 
separating Tc-99m from the Mo-99. The output is about 2.2 six-day curies/g. [Ref. 1] 
 
At the ANS [American Nuclear Society] Winter 2010 Meeting, GE-Hitachi Nuclear discussed the generation of Mo-99 
by neutron absorption within a reactor by direct insertion of Mo-99 within a reactor. An automated insertion 
mechanism would be required, which their reactors do not have. [Ref. 2]. However, such a plausible idea has already 
been outlined by J. Cuttler [Ref. 3]. The CANDU fission reactors already have an automated insertion fuel 
mechanism. The issues here, are whether the reactor owners Ontario Power Generation, and/or Bruce Power would 
be agreeable (what is in it for them to produce radioisotopes?) and the building of a processing facility adjacent to the 
fuel bay; power interruption during the construction phase, the low yield from Low Enriched Uranium,  LEU, fuel used; 
the effects on flux tilt; licensing, training of operating staff re: what is used for power production and the effects on 
power output and what is used for isotope production; and such.    
 
Photo-Neutron Process  [100Mo (γ,η) 99Mo ] 
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A high powered electron accelerator irradiates a high Z 
(atomic number) target, interacts and loses energy. The 
resulting bremsstralung high energy (intensity) photons 
knock off a neutron from the Mo-100 to produce Mo-99.    
Fig. 3.  
 
To produce quantities of isotopes by this method requires a 
scaled-up accelerator version of what is in current operation. The amount of required energy is high and cooling of 
the targets would be challenging. But the specific activity output is higher and is in the order of 21 six-day curies/g 
[Ref. 1].  

Fig. 3 Photo-Neutron Process 

High energy γ 
bremsstrahlung 
radiation 

Mo-100 Mo-99

neutron 

 
This method is also being pursued at Los Alamos Nuclear Labs and by Argonne Nuclear Labs [Ref. 4] where the 
threshold for the reaction was at 9 MeV and the peak cross-section was 150 mb at 14.5 MeV. The result was a mix 
Mo-100 and Mo-99 with the Mo-99 having a low specific activity.  It is still in the experimental stages.  
 
Theoretical calculations and the test results on the production of Mo-99 were done at the Rensselaer Polytechnic 
Institute [Ref. 5], and agreed within experimental error. A 30 MeV electron beam was used on a Mo-100 target.  
 
Neutron Fission process [ 235U (η,F) 99Mo] 
The process in Fig. 4 requires a U-2
target, preferably enriched, to be 
irradiated by thermal neutrons in a 
high neutron flux. This method is in 
current use. The yield of ~6% Mo-99 
is a fission product that is separated 
from the U-235 leaving a residue in 
the waste stream.  

Mo-99 
neutron 

U-235 
n      p

+ 

Sn-13x

Fig. 4 Neutron Fission Process    

 
Photo-Fission Process   [ 238U (γ,F) 99Mo ] 
This method, Fig. 5, is being explored by T
[Ref.1] as a possibility to produce Mo-99m 
without a reactor by using only LEU targets. An 
intense 50 MeV electron beam from a pow
cyclotron would irradiate an LEU, or even natu
U-238 target to produce Mo-99. This high energy 
beam  would split the uranium nuclei with the same distribution of end products including Mo-99 as in a reactor based 
neutron-fission U-235 target. This is not yet available and is yet to be designed. Such a method can also be used to
produce other isotopes viz. Xe, Sn, Sb, Te.  

U-238 Mo-99 

+ 
Sn-13x 

n      p

Fig. 5 Photo Fission Process    

 
There are technical challenges to this method in using a very high powered electron beam to impinge on a relatively 
small target. However this is a photo-fission process where even natural or depleted uranium can be used as the 
target material, thus much reducing the security and transportation issues, and no reliance on a reactor either. The  
U-238 photo-fission process offers the same fractional yield of Mo-99 as a neutron-induced fission of U-235. 



 
The advantages are that accelerators can be turned on-off at will, and their licensing is a more straightforward 
procedure. They are comparatively inexpensive to decommission at end-of-life. On the downside, an accelerator-
based production facility will require substantially more electrical power than a reactor-based facility.  
 
Cyclotron Method to Generate  99mTc      [100Mo (p,2n) 99mTc ]    
A direct means of generating 
Mo-99 from Mo-100 using a 
medical cyclotron and high 
energy protons was done at the 
University of Alberta to 
generate secondary neutrons 
that, in turn, induce uranium to 
fission as in a reactor, Fig. 6. 
The method is complex and 
expensive. Target design and 
heat transfer need attention.. 
[Ref. 6]. 

τ½
= 66h 
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Possible Alternate 
Approaches 
The projected demise of the 
NRU (National Research  
Universal) reactor by 2016 is of  
concern not just to nuclear medicine but to science and to industry in general. The NRU reactor began operating in 
1957 as a multipurpose facility producing isotopes that have been shipped to some 80 countries, to 1400 hospitals for 
about 36000 procedures per day; NRU has also produced isotopes for non medical purposes and has been the 
neutron source for the Canadian Neutron Beam Centre. It has also been the test bed for AECL’s (Atomic Energy of 
Canada Ltd) to develop fuels for CANDU reactors. Due to its age and its impending demise in 2016, the Report [Ref. 
7] also recommended NRU’s replacement. NRU could be replaced by a Neutron Scattering facility/reactor. 
 
It is indicative that for Canada it is essential to have a Multi Purpose Research Reactor and/or a neutron beam, or a 
neutron scattering facility for analytical purposes etc… 
 
The Case for a Neutron Scattering Facility 
Neutron scattering provides useful information about the positions, motions, and magnetic properties of materials 
where a neutron flux of >1015 n.cm-2.s is required. When a neutron beam strikes a 
sample, some neutrons will interact with the nuclei and bounce at an angle whilst the 
others just pass through the material. This diffraction or neutron scattering is measured 
by detectors. The intensity, diffraction angle and energy levels provide detail of 
superconducting materials Fig. 7. Neutron scattering can locate moisture in fighter jet 
wings, signs of microscopic cracking and early corrosion. A neutron acts like a tiny bar 
magnet. Beams of polarized neutrons whose moments all point in the same direction 
can probe properties of magnetic materials like on the stripe of a credit card or in 
compact discs. Neutron scattering is also used in nanotechnology.    
 
In medical applications where a neutron flux of about 6x1014 n.cm-2.s is required, the 
superior ability of neutrons to precisely locate hydrogen atoms in macromolecular 
structures is crucial. Complex fluids such as blood, and soft tissue such as 
body cells, membranes composed of hydrogen and other light atoms, the 
neutron scattering used in high intensity neutron beams are ideal for studying 
small samples at the molecular level, particularly in the development of time-
released, drug-delivery systems that target specific parts of the body.  
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